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DesaltingAbstract This article deals with ‘‘developing novel polyamide-6/chitosan membranes for water
desalting using wet phase inversion technique’’, in which novel polyamide-6/chitosan membranes
were prepared using an appropriate polymer concerning the national circumferences, along with
the deﬁnition of different controlling parameters of the preparing processes and their effects on
the characteristics of the produced membranes. Further, evaluation process of the fabricated sheets
was undertaken. Preparation process was followed by assessment of the membrane structural
characteristics; then the desalting performance of each prepared membrane was evaluated under
different operating conditions in order to ﬁnd the structure–property relationship. The results show
that the membrane ﬂux increases with the increase of operating pressure. The salt rejection and per-
meation ﬂux have been enhanced this indicates that the chitosan (CS) addition to the polyamide-6
(PA-6) membrane increases the membrane hydrophilic property. Hydraulic permeability coefﬁcient
is not stable and varies considerably with the operating pressure.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.1. Introduction
The need for fresh clean water is growing rapidly due to the
world population growth, industrial expansion and deteriora-
tion of fresh water supplies. Needs for drinking water with
appropriate qualities are continuously increasing around theworld. At the same time, the available drinking water quanti-
ties are going down. The development of commercial reverse
osmosis seawater desalination membranes has been of great
inﬂuence on the development of ﬂat sheet membranes [1–4].
Asymmetric membranes are the most interesting for industrial
applications such as in reverse osmosis membrane, nanoﬁltra-
tion, ultraﬁltration and microﬁltration. As they consist of a
thin dense layer in the top region in addition to porous sup-
porting layer.
In the ﬁeld of water treatment, reverse osmosis (RO), nano-
ﬁltration (NF), ultraﬁltration (UF) and microﬁltration (MF)
membranes have been increasingly used. The evolution of
membrane technology can be categorized into two speciﬁc ave-
nues; the ﬁrst is reverse osmosis and nanoﬁltration technolo-
gies and the second ultraﬁltration and microﬁltration
technologies. The membrane research and development efforts
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Figure 1 Process Flow Diagram for the Preparation of PA-6/
chitosan membranes.
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applications [5–8].
Generally, the asymmetric membrane structure can be
obtained using different materials by phase inversion or in
composite systems by forming a thin dense layer. Many com-
mercial polymeric membrane materials such as polyimide-6
(PA-6), polyimide-66 (PA-66), polysulfone (PS), polyethersulf-
one (PES), polyvinylidene diﬂoride (PVDF) and polypropyl-
ene (PP) have good chemical, thermal and mechanical
stabilities [9,10]. However, they usually lack reactive functional
groups on the polymer backbones. Hence, membranes pre-
pared from their materials have to be modiﬁed to eliminate
the non-speciﬁc type of absorption and to enhance efﬁciencies
through improved adsorptive surfaces. Tsai et al. and Ghosh
et al. [11,12] reported that, good separation of membranes
need many polymer modiﬁcation technologies which have
been applied to improve it. In order to control the membrane
structure, low molecular weight component (as inorganic) or
the secondary polymer is frequently used as the additive in
the membrane forming system because it offers a convenient
and effective way to develop high performance membranes
[13]. More recently, some of researches are concerning that
issue with investigation number of methods such as blending,
coating, grafting, and surface treatment. These processes
involve obtaining new structural materials that are extremely
attractive and inexpensive. Polymer blending process has been
found to be an effective way to overcome the shortcomings of
the polymeric membrane, because blending at the microscopic
level due to the chemical interactions may form additional
chemical bonds [9]. Also, membrane preparations with surface
functional groups that may be applied as adsorptive sites for
the separation are of great interest in industrial and environ-
mental applications.
Chitosan is one of the promising membrane materials and
has been widely studied due to its hydrophilicity [14]. Recently,
blending chitosan with other polymers has been found to be an
effective way to overcome the shortcomings of chitosan [15–
18]. Most commercially available membranes are synthesized
using surface modiﬁcation to get afﬁnity or adsorptive proper-
ties [7,19,20]. Adsorptive membranes have reactive functional
groups on the surfaces, including –COOH, –SO3H, and –
NH2 groups, that can bond the targeted substances through
speciﬁc interactions such as surface complexation or ion
exchange. The adsorptive membranes have many unique
advantages, including fast separation rates, high efﬁciencies,
good selectivities, low energy requirements and, possibly, large
permeate ﬂux [21,22]. These materials provide excellent bind-
ing capacities because chitosan molecules have both amino
and hydroxyl groups that can be used to couple with ligands
under mild conditions. Juang et al. [23] reported the prepara-
tion of chitosan membranes blended with poly(vinyl alcohol)
(PVA) and their good mechanical properties by virtue of their
speciﬁc intermolecular interactions between PVA and chitosan
in the blends. Also, they showed that blending chitosan with
other high strength polymers, for example PVA or its deriva-
tives, is an attractive way to prepare adsorptive membranes
for practical applications.
So, in our research PA-6 has been used as the polymer
matrix and CS as the functional polymer to provide hydroxyl
gropes and additional amine groups for the ﬂat sheet PA-6
membrane in order to make it adsorptive. The choice of PA-
6 as the polymer matrix is due to its long-known good chem-ical and thermal stability also, it has mechanical strength in
fabricating ﬂat sheets. Formic acid has been used as the solvent
for PA-6 and CS to prepare the casting solution and water has
been used as coagulant.
This study deals with preparing polyamide-6/chitosan (PA/
CS) membranes for water desalting via casting technology.
Evaluation process of the casted sheets was undertaken. Prep-
aration process was followed by assessment of the membrane
structural and morphological characteristics; then the desalt-
ing performance of the prepared membranes were evaluated
under different operating conditions in order to ﬁnd the struc-
ture–property relationships.
2. Experimental
2.1. Material
The following Chemicals have been used: polyamide-6 (PA-6)
with bulk density 0.25 gm/ml and particle size 50–160 lm (Ful-
ka Company Switherland, the molecular weight of PA-6 is not
given); Formic acid (FA) with MW: 46.03 g/mol, density:
1.198 gm/cm3 at 20 and 100.7 C boiling point (El-Naser phar-
maceutical Chemicals Company, Egypt).
2.2. Membrane preparation
Membrane preparation steps as presented in Fig. 1 include the
preparation of casting solutions using PA-6 (16 wt.%), chito-
san (1–2) wt.% as additive and formic acid (82–84) wt.%.
The casting solutions are then casted into glass plates by
using doctor blade with drawdown thickness up to 200 lm
for 1 min. The casted ﬁlms are immersed into a coagulating
bath containing pure water at temperature 18 C for 60 min.
The glass plates are then immersed into washing bath contain-
ing pure water at temperature 25 C. The ﬂat sheets mem-
branes formed are stripped from the carrier, and then the
Table 1 Membrane compositions.
Membrane PA-6 CS FA Thick lm*
M 16 0 84 100
M1 16 1 83 100
M2 16 2 82 100
* Membrane thickness was measured using Thickness Gauge; the
average of at least three measured was taken. All ﬁlms have exactly
the same thickness by using the same drawdown thickness of doctor
blade.
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hour then stored in a distilled water bath until being used.
2.3. Membrane performance
Evaluations of membrane performances as a function of differ-
ent operating parameters have been investigated. The prepared
membranes sheets have been tested to check their mechanical
strength under different applied pressures. The permeation
tests were carried out at ambient temperature under an operat-
ing pressure up to 40 bar; the feed solution has capacity of
20 L. The effective surface membrane area was of 19.7 cm2.
The total ﬂux (J) of the tested solution was determined from
equation:
J ¼ Q=ðA  TtÞ ð1Þ
where;
Q: permeate mass in kg
A: membrane active area in m2
Tt: time in hour
The rejection (R) was calculated as:
Rð%Þ ¼ ð1 Cp=CfÞ  100%; ð2Þ
where;
Cf: the concentration of the feed solution
Cp: the concentration of the permeate
The concentrations of Cp and Cf were measured with the
conductivity meter (walk lab). In addition, the concentration
of NaCl in the feed solution was 4 g/L. Our home laboratory
testing set up system is presented elsewhere [24].3. Results and discussions
3.1. Effect of operating pressure and additive on rejection
The membrane performance was determined for all prepared
membranes using 4 g/L NaCl synthetic solution. Inﬂuence of
operating pressure on membrane rejection was investigated
using asymmetric PA-6/CS membranes. The observed rejection
is plotted against applied pressure for feed solutions in Fig. 2.
The compositions of the prepared membranes are presented in
Table 1.Figure 2 Effect of operating pressure andFig. 2 shows that the salt rejection with the asymmetric PA-
6/CS membranes (m1, m2) is better than the asymmetric PA-6
(m). In addition, a signiﬁcant salt rejection decline has been
observed from 10 to 20 bar while it is almost stable from 25
to 40 bar.
The original polyamide-6 membrane exhibited a salt rejec-
tion of 0:12% for a feed solution containing 4 mg/L NaCl at
10:40 bar. However, after the addition of chitosan to polyam-
ide-6 membranes with 1:2%, the membrane salt rejection was
increased (rejection 28:53%) under the same operating condi-
tions. The salt rejection was improved, this indicates that the
skin layers of the PA6/CS membranes have closer pores than
the original PA-6 by the chitosan addition to polymer; the
chitosan attacks the skin layer, as a result it goes inside the
membrane to close up the pores. Addition of chitosan in PA-
6 dope solution results in an increase of NaCl rejection. This
is probably due to the positive charge brought by chitosan.
3.1.1. Effect of operating pressure on permeate ﬂux
Inﬂuence of operating pressure on permeate ﬂux was investi-
gated using asymmetric PA-6/CS membranes. The observed
ﬂux (J) is plotted against applied pressure for feed solutions.
Fig. 3 shows the performance of the resulting PA-6/CS mem-
brane for 4 g/L NaCl solution. For the purpose of comparison,
the original polyamide-6 membrane was also tested.
The prepared PA-6/CS membranes have been tested to
check their mechanical strength under different applied pres-
sures. The ﬂux permeation tests were carried out at ambient
temperature under an operating pressure up to 40 bar. It is
obvious from that test that the prepared PA-6/CS membranes
have a good mechanical strength up to 40 bar (Fig. 3). In otheradditive on rejection (Feed 4 g/L NaCl).
Figure 3 Effect of operating pressure on ﬂux 0 (Feed; pure water, 4 g/L NaCl).
Figure 4 Effect of pressure on membrane permeance.
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under high pressure (15–40 bar) without cracking and the pre-
pared PA-6/CS membranes are easy to handle and very ﬂexible.
Fig. 3 shows that the ﬂux of asymmetric PA-6/CS mem-
branes increased with an increase of applied pressure. This
conﬁrms that all membranes follow Darcy’s law.
It is obvious from Figs. 3 and 4 that the ﬂux increases with
increasing the applied pressure while the hydraulic permeabil-
ity (membrane permeance) coefﬁcient is not stable and varies
considerably with operating pressure. The presence of porous
sub-layer in asymmetric membranes with large macrovoid
structure can induce the compaction of polymeric membranes
pores with increasing operating pressure.
The original polyamide membrane exhibited a permeation
ﬂux of 1.8:10 kg/(m2 h) for a feed solution containing 4 mg/L
NaCl at 10:40 bar. However, after the addition of chitosan
to polyamide-6 membrane with 1:2%, the permeation ﬂux
was increased by 30:50% (permeation ﬂux of 4.2:15 kg/
(m2 h) at the same operating conditions.The permeation ﬂux was improved; this indicates that the
CS addition to polyamide-6 membrane increases the mem-
brane hydrophilic properties.4. Conclusions
PA-6/CS membranes have been successfully prepared via cast-
ing using phase inversion. The prepared PA-6/CS membranes
are characterized via membrane performance. The effects of
the operating conditions were as follows.
(1) The membrane ﬂux increases with the increase of oper-
ating pressure.
(2) The membrane permeate ﬂux improves with the addition
of chitosan as additive.
(3) The membrane salt rejection increases with the addition
of chitosan as additive.
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enhanced which indicates that the CS addition to the
PA-6 membrane increases the membrane hydrophilic
property.
(5) Hydraulic permeability coefﬁcient is not stable and var-
ies considerably with the operating pressure.References
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